A Landsat-7 ETM+ image acquired over the Southern Great Plains DoE/ARM site during the ARESE II experiment is used to study the effect of clouds on reflected radiation in clear patches of a cumulus cloud field. The result shows that the apparent path radiance in the clear patches is enhanced by nearby clouds in both band 1 (blue) and band 3 (red) of ETM+. More importantly, the magnitude of the enhancement depends on the mean cloud-free distance in the clear patches. For cloud-free distance less than 0.5 km, the enhancement of apparent path radiance is more than 0.025 and 0.015 (reflectance units) in band 1 and band 3 respectively, which corresponds to an enhancement of apparent aerosol optical thickness of N0.25 and~0.15. Neglecting of the 3-D cloud effect would lead to underestimates of surface reflectance of N0.025and~0.015 in the blue and red band respectively, if the true aerosol optical thickness is 0.2 and the surface reflectance is 0.05. The enhancement decreasesexponentially with mean cloud-free distance, reaching asymptotic values of 0.09for band 1 and 0.027for band 3 at a mean cloud-free distance about 2 km. The asymptotic values are slightly larger than the mean path radiances retrieved from a completely clear region --0.086and 0.024for the blue and red band respectively.
. In a clear atmosphere, solar radiative transfer may be accurately described by a plane parallel approach [Stamnes et al., 1988; Tsay et al., 1990] To demonstrate the magnitude of the source effect of cloud, that is the downwelling irradiance enhancement at the surface level in a clear region, we examine an idealized situation of a "hole" or clear patch in a plane-parallel cloud with an overhead sun. The hole is assumed to be small, but large enough to contain the solar disk for surface viewers directly below (the solar disk is about half degree viewed from the Earth). For simplicity, atmospheric effects (aerosol, molecular scattering and absorption) are ignored, and surface reflectance is assumed to be zero.
[An example that may approximate this simplified cloud is a Karman Vortex cloud over ocean, similar to the one recently discussed by DeFelice et al. [2000] ].
The downwelling irradiance in the clear hole at the surface level is the sum of the irradiance directly through the hole (F0 ) and the diffuse radiation from cloud (F d [Clothiaux, et. al., 2000] and Belfort Laser Ceilometer [Turner, 1996] located at the central facility site were operating continuously to measure cloud reflectivity and to detect the cloud base.
After examining the temperature and humidity profiles (not shown) of the balloon launched at 17:28 UTC, 28 minutes after the Landsat-7 overpass, we concluded that it did not pass through clouds. However, prior temperature and humidity profiles at 11:30UTC (not shown here) and 14:30UTC ( Fig. 3a ) We should note that the in situ profiles from the sounding, and the ground based MMCR and BCL remote measurements were made at a specific location in the 185 km x 180 km ETM+ image. Together with the in situ measurements from BBSS, the continuous measurements from MMCR and BLC indicate that clouds observed from ETM+ have cloud baseabout 0.5 km and cloud top height about 1 km. In this study, we focus on the cumulus cloud field between the clear region and the stratocumulus (Fig. 2 introduced to quantify the cloud effects. To better understand the cloud effects physically, we now further explore the major causesof these effects.
What is needed is a parameter describing the primary statistical property of cumulus cloud fields that affects information on individual cumulus path radiance and associated image, depends primarily on cloud spacing.
surface illumination, rather than detailed clouds. By visually inspecting the apparent we found that the apparent path radiance This is physically intuitive since the farther away the cloud is, the weaker the diffuse radiation from the cloud, and thus the smaller the effects.
For ideal bar clouds, or lattice cuboid clouds, the distance (edge-to-edge) between two clouds can be used to describe cloud spacing. In a real cumulus cloud field, this definition of cloud spacing is not useful. The geometry of cumulus clouds has a fractal structure [Cahalan and Joseph, 1989] with the probability distribution of cloud areas approximately following a power law [Wielicki and Welch, 1986; Cahalan and Joseph, 1989] . Becauseof the nature of a power-law distribution (i.e. large number of smaller clouds), the conventional edge-to-edge cloud spacing primarily represents the distance among the smaller clouds, and is thus not suitable for our purposes. Fig. 7 as an example. The mean cloud-free distance of the subimage is 1.7 km, with standard deviation 1.9 km. It is also interesting to note that as many as half of the clear pixels have cloud spacing less than 1 km, and only the top 10th percentile of the clear pixels has a cloud-free distance larger than 4 km. In the analysis process, we calculated both the mean cloud-free distance and the apparent path radiance in a cloudy sub-image of 512 × 512 pixels (-15 km x 15 kin) . where
DEPENDENCE
x is the mean cloud-free distance in kilometers.
The path radiance in the clear atmosphere away from clouds for band 1 and band 3 is presented in Fig. 9 to examine the significance of the enhancement. The path radiances are clustered for both blue and red bands except for several outliers.
Means are 0.086and 0.024 with standard deviation of 0.0023 and 0.0029 for band 1 and band 3 respectively excluding the top and bottom 5 percentiles. With these small standard deviations, the mean values of path radiance represent the true clear sky path radiance for both bands.
By comparing the apparent path radiance with the true path radiance and its dispersion, it is evident that the apparent path radiance is greatly enhanced for subimages with mean cloud-free distance less than 1 km. The enhancement up to 0.025
for band 1 and 0.015for band 3 leads to overestimates of aerosol optical thickness of 0.25 and 0.15 [Wen et al., 1999] . The overestimate in aerosol optical thickness further leads to underestimate in surface reflectance. For example, if the true aerosol optical thickness is 0.2 with the surface reflectance of 0.05, the surface reflectance will be underestimated by 0.025 and 0.015for the two bands respectively [Wen et al., 1999] .
Even with larger mean cloud-free distance, the asymtotic apparent path radiances are still systematically larger than the average true path radiance at about 1 standard deviation level. fields for both atmospheric correction and aerosol optical property retrieval in high spatial resolution satellite images. Among other factors, the reflected solar radiation is affected by the cloud spacing. In this paper, we demonstrated that the cloud effects on reflected solar radiation in clear breaks within cumulus cloud fields can be observed and quantified using the apparent path radiance which depends on cloud spacing.
Cloud effects can be observed not only using the apparent reflectance, but also parameterized by the cloud-free distance for clear pixels. Apparent path radiance is greatly enhanced when mean cloud-free distance becomes small. For a sub-image with mean cloud-free distance less than 0.5 km, the apparent path radiances are enhanced by more than 0.025 and 0.015 for the blue band and the red band respectively. These enhancements correspond to overestimates of aerosol optical thickness of -0.25 and -0.15, and underestimates of surface reflectance of -0.025 and -0.015, for the two bands respectively for plane parallel retrievals. The enhancement of the apparent path radiance decreases exponentially with mean cloud-free distance. As the mean cloud-free distance becomes larger than 2 km, the apparent path radiance approaches asymptotically 0.09 and 0.027 for the blue and red band respectively. Even though, the absolute difference between asymptotic values of apparent path radiance and the true path radiance is small, it is still statistically significant. However it also indicates that only a constant correction is needed when cloud cells are far away from each other. DISORT with a C1 cloud is used to calculate the diffuse radiation.
Atmospheric effects are ignored. 
